Abstract Pt/C, Rh/C and PtRh/C electrocatalysts with different Pt:Rh atomic ratios supported on Vulcan XC 72 carbon were prepared using borohydride as reducing agent and tested for ethanol electro-oxidation in alkaline medium. X-ray diffraction patterns showed the formation of PtRh alloy. Transmission electron micrographs showed the nanoparticles with particle sizes between 3 and 6 nm for all materials. Electrochemical experiments showed PtRh/C (50:50) the most promising material for ethanol electrooxidation; however, in situ ATR-FTIR experiments was observed that the ethanol oxidation is incomplete due to the formation of acetate and carbonate.
Introduction
The use of ethanol directly as a fuel for Proton Exchange Membrane Fuel Cells (PEMFC) has been studied extensively over the last years due to its large production from renewable sources, low toxicity and high-energy density of 8 kWh/kg; however, the breaking of the C-C bond of the ethanol molecule at low temperatures continues to be a challenge, and acetaldehyde and acetic acid are the principal products formed [1] [2] [3] [4] [5] [6] [7] .
Recently, the development of anion exchange membranes for alkaline fuel cells [8] [9] [10] [11] [12] has attracted the interest in studying the ethanol electro-oxidation in alkaline medium [13] [14] [15] . Alkaline medium presents several advantages when compared to acidic medium, as an oxygen reduction reaction takes place with faster kinetic than in acid media, increasing the electric potential of the fuel cell [15] and many non-noble metals are stable for electrochemical applications, either as anode or a cathode [14] . Despite this, the break of C-C bond of ethanol molecule in alkaline medium is also a difficult task [16] [17] [18] .
In acid medium, the addition of Rh to Pt catalysts increases the CO 2 yield by facilitating C-C bond cleavage; however, the obtained currents do not increase [19] [20] [21] . Kowal et al. [4, 22] prepared PtRhSnO 2 /C electrocatalyst depositing Pt and Rh atoms on carbon-supported SnO 2 nanoparticles and tested for ethanol electro-oxidation. They found that this electrocatalyst breaks the C-C bond in acid medium facilitating the oxidation of ethanol molecule to CO 2 . In a further work, Li et al. [4] studied Pt-Rh-SnO 2 catalysts and concluded that the role of Rh is to break the C-C bond of ethanol molecule whereas the roles of Pt and SnO 2 are to facilitate the oxidation of the reaction intermediates and avoid their bonding to Rh sites.
Comprehensive fundamental studies using in situ spectroscopic studies to provide molecular information about ethanol electro-oxidation on Pt-based catalysts are widely reported in the literature for the acid medium [3, 4, 23, 24] , while only few studies were done involving the ethanol electro-oxidation in alkaline solutions [14, 15, 25] . On this basis, this work investigates the ethanol electro-oxidation in alkaline medium using PtRh/C electrocatalysts. Eletrochemical and in situ ATR-FTIR studies were performed to obtain information about the activity of the electrocatalysts and the intermediates and products formed. 
Experimental
PtRh/C electrocatalysts (20 % of metal loading, with Pt:Rh ratio atomics of 100:0, 90:10, 70:30, 50:50, and 0:100) were prepared using H 2 PtCl 6 Á6H 2 O (Chloroplatinic acidAldrich), and RhCl 3 ÁxH 2 O (rhodium chloride Aldrich) as metal sources, sodium borohydride (Aldrich) as reducing agent and Vulcan Carbon XC72 as support. In the borohydride reduction process, the metal sources were dissolved in a mixture of water/2-propanol (50/50, v/v) and the Vulcan XC72 support was dispersed in the solution. The resulting mixture was submitted to an ultrasonic bath for 10 min, where a solution of sodium borohydride was added under stirring in one portion at room temperature. After, the mixture was filtered and the solid was washed with water and dried at 70°C for 2 h. All electrocatalysts were characterized by transmission electron microscopy (TEM) analysis. These experiments were carried out using a JEOL JEM-2100 electron microscope operated at 200 kV, where it was determined the morphology, distribution, and size of the nanoparticles in the support. The mean particle sizes were determined by counting more than 200 particles from different regions of each sample. X-ray diffraction (XRD) analyses were performed on Rigaku diffractometer model Miniflex II using Cu Ka radiation source (k = 0.15406 nm). The diffractograms were recorded from 2h = 20°to 90°with a step size of 0.05°and a scan time of 2 s per step.
The cyclic voltammetry (CV) and chronoamperometry (CA) measurements were carried at room temperature using a Microquimica potenciostat, where the working electrodes (geometric area of 0.3 cm 2 with a depth of 0.3 mm) were prepared using the thin porous coating technique [26] , where an ink is prepared with 10 mg of catalyst and 100 lL of PTFE solution in 50 mL of water, then dispersed in ultrasonic bath for 5 min. After that, the ink is filtered and all the solids are deposited on the work electrode. The reference electrode was Ag/AgCl (3.0 mol L -1 KCl) and the counter electrode was a Pt plate. The electrochemical measurements were realized in the presence of
Direct alkaline ethanol fuel cell test was realized using a single cell with 5 cm 2 of area. The temperature was set to 60°C for the fuel cell and 85°C for the oxygen humidifier. All electrodes were constructed with 1 mg of metal per cm 2 in the anode and the cathode. In all experiments, a commercial Pt/C (BASF) was used as cathode. All the electrocatalysts were painted over a carbon cloth in the form of a homogeneous dispersion prepared using Nafion solution (5 wt%, Aldrich). After the preparation, the electrodes were hot pressed on both sides of a Nafion 117 membrane at 125°C for 3 min under a pressure of 247 kgf cm -2 . Prior to use, the membranes were exposed to KOH 6 mol L -1 for 24 h as it has already been proposed by Hou et al. [27] . The fuel, ethanol 2.0 mol L -1 and 2.0 mol L -1 KOH were delivered at 1.0 mL min -1 and the oxygen flow was regulated at 150 mL min -1 . Polarization curves were obtained using a potentiostat/galvanostat PGSTAT 302NAutolab.
The spectro-electrochemical ATR-FTIR in situ measurements were performed with a Nicolet 6700 FT-IR spectrometer equipped with an MCT detector cooled with liquid N 2 , ATR accessory (MIRacle with a Diamond/ZnSe Crystal Plate Pike Ò ) and an electrochemical cell as explained better in the literature [23, 28, 29] . The working electrodes are the same that electrochemical experiments in presence of 1.0 mol L -1 ethanol ? 1 mol L -1 KOH. The absorbance spectra were collected as the ratio R:R 0 , where R represents a spectrum at a given potential and R 0 is the spectrum collected at -0.85 V. Positive and negative directional bands represent gain and loss of species at the sampling potential, respectively. The spectra were computed from 128 interferograms averaged from 3,000 to 850 cm -1 with the spectral resolution set to 8 cm -1 . Initially, a reference spectrum (R 0 ) was measured at -0.85 V, Fig. 2 a X-ray diffractograms of the Pt/C, Rh/C, and PtRh/C electrocatalysts. b Pawley refinement of peak (2 2 0) in all diffratograms with dot for experimental measure, line for modeled, and dash for residual line and the sample spectra were collected after applying successive potential steps from 0.1 to -0.05 V.
Results and discussion
TEM micrographs and histograms of the particle size distribution for Pt/C, Rh/C and PtRh/C materials are shown in Fig. 1 . All prepared materials showed the particles well dispersed on the support, even though some particle agglomerations can be observed. The nanoparticles' mean diameter was determined by counting about 200 randomly chosen particles from the relevant TEM images [30, 31] and the particles are with an average diameter of 4 nm for all Rh content catalyst, and 6 nm for Pt/C. The particles sizes measured are in accordance with similar materials described in literature [20, 24, 32] . Figure 2a shows XRD patterns of Pt/C, Rh/C and PtRh/C electrocatalysts. In all diffractograms, it can be seen four peaks at 2h = 40°, 47°, 67°and 82°, which are associated with the (111), (200), (220) and (311) planes, characteristic of face-centered cubic (fcc) structure of Pt and Pt alloys. The diffraction peaks of Pt(fcc) and Rh(fcc) phases are very close; however, it was observed that the diffraction peaks of the fcc phase of PtRh/C electrocatalyts were slightly shifted to higher 2h values compared to Pt/C electrocatalyst and this shift increases with the increase of Rh content [32] . According to Gupta et al. [20] , such evidence accounts for the presence of PtRh alloy formation. To obtain more information about the material structure, the diffractograms were refined using the Pawley method [33] carried out with Fityk 0.98 software, as reported by Wojdyr [34] . The peaks in this region are related to Pt (220) (JCPDF #04 802), Rh (220) (JCPDF # 88 2334) and PtRh (220) (JCPDF # 65 7938). In Fig. 2b , it is possible to observe the changes in the peak shape as a result of the contribution of Pt(fcc) (a = 0.392 nm), Rh(fcc) (a = 0.381 nm) and PtRh alloy (fcc) (a = 0.386 nm) phases. The presence of these three contributions was observed for all PtRh/C electrocatalysts and the peak related to PtRh alloy formation increases with the increase of Rh content. Figure 3 shows the CV in alkaline media for Pt/C, Rh/C and PtRh/C electrocatalysts in 1 mol L -1 KOH. In the CVs, it was observed that with the increase of the Rh content the hydrogen adsorption-desorption region (-0.85 to -0.5 V) becomes less defined than the one observed for Pt/C electrocatalyst [35] . Also, the reverse scan of Pt/C electrocatalyst showed a peak around -0.3 V which was attributed to reduced PtOx species and with the increase in Rh content on PtRh/C materials, decrease the intensity of this peak. PtRh/C (50:50) and Rh/C electrocatalysts showed a redox pair in the current values of -0.3/-05 V and -0.3/-0.7 V, respectively, which may be attributed to the increase in the rhodium oxides species [35] . Figure 4 shows the liner sweep of Pt/C, Rh/C and PtRh/C electrocatalysts in the presence of 1.0 mol L -1 of ethanol and 1 mol L -1 of KOH. It was observed that the onset potential for ethanol electro-oxidation is very close (&-0.65 V) for all eletrocatalysts as well as the current density values. It is interesting to note that Rh/C electrocatalyst showed a good activity for ethanol electro-oxidation in alkaline medium while in acid medium it was practically inactive [4, 22] . Figure 5 shows the chronoamperometry curves for Pt/C, Rh/C and PtRh/C electrocatalysts in the potential of -0.3 V for 30 min. For all electrocatalysts, it was observed a faster decay of current values during the first 2 min followed by a slower decay. The final current values at -0.3 V were: PtRh/C (50:50) (7.9 A g
. It is worth noting that initially the Rh/C electrocatalyst presents higher current values than the other electrocatalysts; however, after 7 min its deactivation is faster than Pt/C and PtRh/C electrocatalysts,
The decay for PtRh is slower than that for Rh/C indicating superior stability. As the consequence of the Rh incorporation, some modifications of structural, electronic and kinetic features on the PtRh/C catalysts were observed, such as changes in lattice parameter and charge transfers from Rh to Pt (Pt d-band vacancies electronically [32] ). However, this effect does not occur in Pt or Rh alone. Figure 6 shows the performances of single alkaline DEFC with Pt/C, Rh/C and PtRh/C as anode electrocatalysts and the following order of maximum power density was observed: PtRh/C (50:50) (5.9 mW cm -2 ) [ Pt/C (5.5 mW cm -2 ) [ PtRh/C 70:30 (4.9 mW cm -2 ) [ PtRh (90:10) (4.7 mW cm -2 ) [ Rh/C (4.4 mW cm -2 ). A factor that can influence the activity of these materials may be caused by the manner in that ethanol adsorbs on the catalyst, as explained in the oxametallacyclic conformation model [36] , which directly influences the kinetics of the reaction and the products formed. PtRh 50:50 alloy can be a conformation that favors the reactions kinetic [37] , due to way of the ethanol adsorbs on catalyst surface, and influences too on OCV.
In situ ATR-FTIR experiments were performed to correlate the activity of ethanol electro-oxidation with the preferential mechanism (Fig. 7) . The FTIR spectra in the region between 3,000 and 850 cm -1 were recorded during ethanol electro-oxidation for Pt/C, Rh/C and PtRh/C electrocatalysts as a function of the potential in ethanol 1 mol L -1 and KOH 1 mol L -1 . Considering ATR-FTIR results, it was possible to observe the appearance of bands related to CO 2 at 2,343 cm -1 formation [25] . A carbonate ion band at 1,370 cm -1 [14] was not clearly visible in the spectra, due to overlapping with the acetate band at 1,410 cm -1 [14] , although its presence can be inferred by the deconvolution of the spectra, as reported by Neto et al. [38] . The acetate was displayed as two intense peaks at &1,553 and &1,410 cm -1 , originating from asymmetric and symmetric C-O bond vibrations. The small peak at 926 cm -1 is associated with acetaldehyde C-C-O Stretching vibrations [15] . In the spectra, it is also possible to observe the presence of bands of ethanol that increase the intensity towards consumption of this species (1,080, 1,036, and 874 cm -1 ) [25] . ) and oxygen pressure (2 bar) The difference observed in the spectra can be seen more clearly after all the bands were deconvoluted to lorentzian line forms [38] of the CO 2 , acetate, carbonate ions, methyl groups, and an acetaldehyde as shown in Fig. 8 .
As shown in Fig. 8 , the PtRh/C (70:30) catalyst shows the most intense band of CO 2 at all potentials, but it is important to note that PtRh/C 50:50 catalyst, the most active in EOR experiments, has an increase in signal intensity CO 2 production from -0.35 V potential that coincides with the decrease in the signal of acetate and carbonate ions.
When we analyzed the production of acetate, it is possible to see that from -0.45 V the Rh/C catalyst presents higher intensity for this band than other materials; can indicate that in alkaline medium, this metal was not completely selective to C-C broken.
The production of carbonate ions, present in Fig. 8c , brings clues that may explain the loss of activity of the catalyst Rh/C, since this material continuously produces these ions even at high potentials as -0.05 V. Carbonate ions can create a physical barrier on the catalytic sites, thus reducing the ability to get more alcohol to oxidize. The production of acetaldehyde, it is passed over on all materials tested, except for PtRh/C 70:30 and is a another indication that the products formed depends on the structure of the catalyst and the way of the fuel is adsorbed.
In summary, Rh is an active metal for EOR, however, suffers very rapidly with the catalyst poisoning in alkaline medium, as seen in ATR-FTIR measurements, ethanol is oxidized preferentially over it by way of formation of carbonate ions, that may physically block the catalytic sites, other way is the acetate formation, indicating that reaction over Rh is not selective for C-C cleavage, as reported for acid medium [4, 21, 22] . Though when associated with Pt, 50:50, the resulting alloy has greater activity than other catalysts studied, which lower potentials oxidize the ethanol preferably by same way of Rh/C, but in potentials higher than -0.35 V decrease carbonate ions productions and increase the CO 2 production, probably due to different types of ethanol adsorption on catalyst, this can be causes a increase in reaction kinetics as reported Shen et al. [37] . A factor that also can influence the activity of these materials may be caused by the manner that ethanol adsorbs on the active sites of the catalysts, as explained in the oxametallacyclic conformation model [36] , which directly influences the kinetics of the reaction and the products formed. Therefore, PtRh/C 50:50 alloy could be a structure conformation that favors the kinetics reaction [37] . Fig. 7 continued Fig. 8 Integrated CO 2 , acetate, carbonate, methyl group, and acetaldehyde band intensity as a function of the electrode potential for Pt/C, Rh/C and PtRh/C electrocatalysts Conclusion X-ray diffractograms of PtRh/C electrocatalysts showed the presence of Pt(fcc), Rh(fcc) and PtRh(fcc) alloy phases. The increase in Rh content on the PtRh/C electrocatalysts leads to an increase in PtRh(fcc) alloy phase. TEM micrographs showed a good distribution of the nanoparticles on the carbon support with average particle sizes in the range of 4-6 nm. Electrochemical and alkaline DEFC experiments showed that PtRh/C 50:50 was the best activity; however, Rh/C electrocalalyst showed a remarkable good activity in the first minutes but it deactivates more quickly than Pt/C and PtRh/C electrocatalysts. In situ ATR-FTIR experiments showed that ethanol oxidation reaction is incomplete; however, PtRu/C (50:50) is very promising due to the CO 2 production (from -0.35 V potential) that coincides with the decrease in the signal of acetate and carbonate ions.
